Diabetes and high glucose (HG) increase the generation of NADPH oxidase-derived reactive oxygen species and induce apoptosis of glomerular epithelial cells (podocytes). Loss of podocytes contributes to albuminuria, a major risk factor for progression of kidney disease. Here, we show that HG inactivates AMP-activated protein kinase (AMPK), up-regulates Nox4, enhances NADPH oxidase activity, and induces podocyte apoptosis. Activation of AMPK blocked HG-induced expression of Nox4, NADPH oxidase activity, and apoptosis. We also identified the tumor suppressor protein p53 as a mediator of podocyte apoptosis in cells exposed to HG. Inactivation of AMPK by HG up-regulated the expression and phosphorylation of p53, and p53 acted downstream of Nox4. To investigate the mechanism of podocyte apoptosis in vivo, we used OVE26 mice, a model of type 1 diabetes. Glomeruli isolated from these mice showed decreased phosphorylation of AMPK and enhanced expression of Nox4 and p53. Pharmacologic activation of AMPK by 5-aminoimidazole-4-carboxamide-1-riboside in OVE26 mice attenuated Nox4 and p53 expression. Administration of 5-aminoimidazole-4-carboxamide-1-riboside also prevented renal hypertrophy, glomerular basement thickening, foot process effacement, and podocyte loss, resulting in marked reduction in albuminuria. Our results uncover a novel function of AMPK that integrates metabolic input to Nox4 and provide new insight for activation of p53 to induce podocyte apoptosis. The data indicate the potential therapeutic utility of AMPK activators to block Nox4 and reactive oxygen species generation and to reduce urinary albumin excretion in type 1 diabetes.
One of the major early features of diabetic kidney disease is injury to glomerular epithelial cells or podocytes, which contribute to the increased urinary albumin losses and accelerated sclerosis of the glomerular microvascular bed (1) . Podocyte injury manifests as phenotypic changes that range from foot process effacement and altered localization or abundance of specific slit diaphragm proteins to frank apoptosis with detachment of the cells from the glomerular basement membrane (GBM) 2 with decreased cell density (2) (3) (4) . The mechanism(s) of podocyte depletion in diabetes are poorly understood.
Expression of antioxidant enzymes in some animal models ameliorates diabetic kidney disease, thus establishing a role of reactive oxygen species (ROS) (5, 6) . More recently, along with ROS generated from mitochondrial respiratory chains, NADPH oxidase-derived ROS have been shown to play a significant role in injury to various organs, including the kidney (2, 7) . A number of homologs of the phagocyte NADPH oxidase catalytic subunit (Nox2) have been identified. These enzymes participate in a number of biological processes, including proliferation, migration, contraction, cytoskeletal organization, fibrosis, and apoptosis (8) . Along with Nox2, Nox1 and Nox4 are abundantly expressed in the renal cortex (9) . We showed that Nox4 is expressed in rat and mouse glomeruli and contributes to matrix accumulation in diabetic kidney disease (2, 7) . Abundant expression of Nox4 in glomerular podocytes has been reported (2, 10) . High glucose (HG) increases the expression of Nox4 and NADPH oxidase activity in podocytes (2) . However, the mechanism by which glucose increases NADPH oxidase activity and the role of Nox4 in podocyte apoptosis are not known.
AMP-activated protein kinase (AMPK), a serine/threonine kinase, is an energy sensor whose activity is regulated by glucose (11) . AMPK is a heterotrimeric protein consisting of a catalytic ␣-subunit and regulatory ␤-and ␥-subunits (12) (13) (14) (15) . Seven AMPK genes encoding two ␣ (␣1 and ␣2), two ␤ (␤1 and ␤2), and three ␥ (␥1, ␥2, and ␥3) isoforms are present in the mammalian genome (16 -18) . The activity and subunit composition of AMPK are expressed in a cell-and tissue-specific manner, with the ␣ 1 -and ␣ 2 -subunits expressed in the kidney and in glomerular cells (19) . Activation of AMPK requires phosphorylation of a critical threonine residue (Thr 172 ) in the activation loop of the ␣-subunit (20) . In energy depletion states, AMPK activation slows metabolic reactions that consume ATP and stimulates reactions that produce ATP, thereby restoring the AMP/ATP ratio and the normal cellular energy stores (21) . AMPK can also be activated independently of changes in the AMP/ATP ratio (22) (23) (24) . AMPK signaling modulates multiple biological pathways, such as protein synthesis (25) (26) (27) , autophagy (28, 29) , and apoptosis (30 -33) .
In this study, we provide the first evidence that inactivation of AMPK by HG increases the expression of Nox4 and that the increased expression of Nox4 mediates podocyte apoptosis. Additionally, we demonstrate that Nox4 increases the abundance of p53 protein concomitant with an increase in its phosphorylation at Ser 46 to increase the expression of the pro-apoptotic protein PUMA (p53-up-regulated modulator of apoptosis). In type 1 diabetic mice, AMPK is inactivated and up-regulates Nox4 to induce podocyte apoptosis. Furthermore, we show that pharmacologic activation of AMPK prevents these changes in vitro in podocytes and in vivo in diabetic mice and attenuates albuminuria.
EXPERIMENTAL PROCEDURES
Podocyte Culture and Transfection-Conditionally immortalized mouse podocytes, kindly provided by Dr. Katalin Susztack (Albert Einstein College of Medicine, Bronx, NY), were cultured as described previously (2) . For the RNA interference experiments, a SMARTpool consisting of siRNA duplexes specific for mouse LKB1 or mouse p53 was obtained from Dharmacon. The SMARTpool of siRNAs was introduced into the cells by double transfection using Oligofectamine or Lipofectamine 2000 as described previously (34) . The siRNAs for LKB1 and p53 were used at a concentration of 100 nM. Scrambled siRNAs (nontargeting siRNAs; 100 nM) served as controls to validate the specificity of the siRNAs. A replication-defective adenoviral vector encoding a truncated form of Nox4 lacking the NADPH-binding domain (referred to as AdDN-Nox4), a generous gift from Dr. Barry Goldstein (Thomas Jefferson University, Philadelphia, PA), was amplified in HEK293 cells. A GFP adenoviral vector control (referred to as AdGFP) was used as a control virus. Infection of cultured podocytes was carried out for 48 h. Wild-type active AMPK␣2 (WT-AMPK␣2) or dominant-negative AMPK␣2 (DN-AMPK␣2) plasmid constructs were procured from Addgene (35) . Podocytes were transfected with 1.0 g of WT-AMPK␣2, DN-AMPK␣2, or vector plasmid constructs using Lipofectamine 2000.
Animal Models-22-Week-old control FVB mice and OVE26 mice (FVB background; The Jackson Laboratory, Bar Harbor, ME) were used. At 17 weeks of age, OVE26 mice were treated with aminoimidazole-4-carboxamide-1-riboside 5-aminoimidazole-4-carboxamide-1-riboside (AICAR; 750 mg/kg/day) administered by intraperitoneal route (36) . Before treatment with AICAR, mice were placed in metabolic cages for urine collection. Urine albumin was measured using a mouse albumin ELISA quantification kit (Bethyl Laboratories) and expressed as micrograms of albumin/24 h. Animals are killed by exsanguination under anesthesia. Both kidneys were removed and weighed. A slice of kidney cortex at the pole was embedded in paraffin or flash-frozen in liquid nitrogen for microscopy and image analyses. Cortical tissue was used for isolation of glomeruli by differential sieving with minor modifications as described previously (2, 37) .
NADPH Oxidase Activity-NADPH oxidase activity was measured in podocytes grown in serum-free medium or in glomeruli isolated from kidney cortex as described previously (2, 7) . Cultured podocytes were washed five times with ice-cold phosphate-buffered saline and scraped from the plate in the same solution, followed by centrifugation at 800 ϫ g for 10 min at 4°C. The cell pellets were resuspended in lysis buffer (20 mM KH 2 PO 4 (pH 7.0), 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, and 0.5 g/ml leupeptin). Cell suspensions or washed glomeruli were homogenized with 100 strokes in a Dounce homogenizer on ice. To start the assay, 20 g of homogenates was added to 50 mM phosphate buffer (pH 7.0) containing 1 mM EGTA, 150 mM sucrose, 5 M lucigenin, and 100 M NADPH. Photon emission expressed as relative light units was measured every 20 or 30 s for 10 min in a luminometer. A buffer blank (Ͻ5% of the cell signal) was subtracted from each reading. Superoxide production was expressed as relative light units/min/mg of protein. Protein content was measured using the Bio-Rad protein assay reagent.
AMPK Activity Assay-AMPK activity was measured using the AMPK KinEASE TM FP fluorescein green assay fluorescence polarization assay (Millipore) according to the manufacturer's protocol.
LKB1 Activity Assay-Endogenous LKB1 was immunoprecipitated with an antibody against LKB1 (Abcam, Cambridge, MA) and protein G beads. The reaction was initiated by the addition of 100 l of kinase buffer containing 1 mM ATP, 10 Ci of [ 32 P]ATP (PerkinElmer Life Sciences), and 300 m LKBtide (Upstate) into tubes containing the immunoprecipitated sample. After incubation at 30°C for 10 or 20 min, the supernatant was applied to P81 paper (Whatman), and 32 P incorporation was determined by liquid scintillation counting.
Western Blot Analysis-Homogenates from glomeruli isolated from renal cortex were prepared in 200 l of radioimmunoprecipitation assay buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, 20 g/ml aprotinin, 20 g/ml leupeptin, and 1% Nonidet P-40) using a Dounce homogenizer. Homogenates were incubated for 1 h at 4°C and centrifuged at 10,000 ϫ g for 30 min at 4°C. Mouse podocytes were grown to near confluency in 60-or 100-mm dishes and serum-deprived for 24 h. All incubations were carried out in serum-free RPMI 1640 medium containing 0.2% BSA (fatty acid-free) at 37°C for a specified duration. The cells were lysed in radioimmunoprecipitation assay buffer at 4°C for 30 min. The cell lysates were centrifuged at 10,000 ϫ g for 30 min at 4°C. Protein in the supernatants was measured using the Bio-Rad method. For immunoblotting, proteins (30 -60 g) were separated by 12.5% SDS-PAGE and transferred to polyvinylidene difluoride membranes. Blots were incubated with rabbit polyclonal anti-Nox4 (1:1000; Novus Biologicals), rabbit monoclonal phospho-Thr Apoptosis Assays and Caspase-3 Activity-A caspase-3 fluorescence assay kit (Cayman Chemical Co.) was used according to the manufacturer's protocol.
Electron Microscopy-Kidney cortex was cut into 0.5-1-mm 3 pieces and fixed overnight in cold 4% formaldehyde and 1% glutaraldehyde in phosphate buffer and then embedded in Epon 812 resin. 0.50-mm plastic sections were cut and stained with toluidine blue for identification of representative areas for subsequent sectioning using an ultramicrotome. Ultrathin sections were stained with uranyl acetate and examined and photographed on a JEOL 100CX electron microscope. All EM photomicrographs were examined in a blind fashion. Individual capillary loops were examined and quantified in five glomeruli/ group of animals for the degree of foot process effacement as described by Jo et al. (38) . The procedure adopted for GBM thickening measurement was a modification of the harmonic mean method summarized by Dische (39) and adapted from Jensen et al. (40) and Hirose et al. (41) as described in detail by Carlson et al. (42) . Podocyte Enumeration-Dual-label immunohistochemistry was used to identify and count glomerular epithelial cells relative to the GBM using a modification of methods described previously (43) . To identify podocytes, 3-m frozen sections of kidney cortex on glass slides were stained with anti-synaptopodin antibody, followed by Cy3-labeled donkey anti-goat IgG. After washing and to identify the GBM, the sections were stained with a rabbit antibody directed against collagen type IV, followed by FITC-labeled donkey anti-rabbit IgG. After staining and washing, the sections were preserved on coverslips in Prolong gold antifade mounting medium with DAPI (Invitrogen) for fluorescence detection of nuclei. Sections were examined by epifluorescence using excitation and band-pass filters optimal for FITC, Cy3, and DAPI. Digital images representing each fluorochrome were taken of random glomeruli using an Olympus AX70 research microscope and a DP70 digital camera. 25-35 glomerular cross-sections per animal were photographed in each color channel, providing a minimum of 100 composite images per experimental group. The images were merged and color-balanced using Image-Pro Plus imaging software (Media Cybernetics, Inc., Silver Spring, MD), and podocytes were counted in projected images in a blind fashion by two individuals. Synaptopodin-positive cells on the outer aspect of the GBM were considered glomerular epithelial cells and counted. Synaptopodin-negative cells or cells in the inner aspect of the GBM were not counted. The mean area of each glomerular profile was measured manually, tracing the glomerular outline, encircling the area of interest, and calculating the surface area by computerized morphometry using MetaMorph Version 4.69 (2, 44, 45) .
Statistical Analysis-Results are expressed as the mean Ϯ S.E. Statistical significance was assessed by Student's unpaired t test. Significance was determined as p Ͻ 0.05.
RESULTS

Nox4
Mediates Apoptosis Induced by HG-The mechanism by which glucose increases NADPH oxidase activity, whether it involves AMPK, and the role of Nox4 in podocyte apoptosis are is not known. As expected, exposure of mouse podocytes to 25 mM HG for 12, 24, and 48 h significantly increased apoptosis as measured by annexin V binding (supplemental Fig. S1A ), caspase-3 activation (supplemental Fig. S1B ), and cellular DNA fragmentation (supplemental Fig. S1C ). An equimolar concentration of mannitol had no effect (supplemental Fig. S1 , B and C). Impairment of Nox4 function using an adenovirus encoding a dominant-negative form of the enzyme (AdDN-Nox4) significantly inhibited NADPH oxidase activity (Fig. 1A ) and dramatically reduced HG-induced annexin V binding (Fig. 1B) , caspase-3 activity (Fig. 1C) , and cellular DNA fragmentation (Fig. 1D ). These results demonstrate that Nox4-derived ROS mediate apoptosis of podocytes induced by HG.
HG Decreases the Phosphorylation of LKB1 and AMPK-Exposure of mouse podocytes to 25 mM glucose decreased AMPK␣ phosphorylation at its activating site, Thr 172 (supplemental Fig.  S2A ), concomitant with reduction in AMPK activity (supplemental Fig. S2B ). To elucidate the mechanism by which HG inhibits AMPK, we tested the effect of HG on the phosphorylation and activity of LKB1, an upstream kinase that phosphorylates AMPK at Thr 172 (46) . HG decreased LKB1 phosphorylation at Ser 428 (supplemental Fig. S2C ), a phosphorylation site required for metformin-enhanced AMPK activation (47) . HG also decreased LKB1 activity (supplemental Fig. S2D ). To determine whether the effect of HG on AMPK is mediated by LKB1, podocytes were transfected with siRNA targeting LKB1 prior to treatment with AICAR and HG. In cells incubated with HG, treatment with AICAR restored LKB1 and AMPK␣ phosphorylation, whereas siRNA targeting LKB1 reversed the effect of AICAR on the phosphorylation of LKB1 and AMPK␣ (supplemental Fig. S3 ). These data indicate that the effect of HG in inhibiting AMPK phosphorylation and activity is at least partially due to reduction in LKB1 phosphorylation and activity. AMPK Regulates Nox4-dependent Podocyte Apoptosis-To determine whether inactivation of AMPK␣ mediates HG-induced Nox4 expression and apoptosis, podocytes were exposed to HG in the absence or presence of the AMPK␣ activator AICAR. Cells in normal glucose were also incubated with the AMPK␣ inhibitor adenine 9-␤-D-arabinofuranoside (ARA). In cells incubated with HG, treatment with AICAR restored AMPK␣ phosphorylation at Thr 172 ( Fig. 2A ) as well as AMPK activity (Fig. 2B) . AICAR treatment also prevented the increase in Nox4 mRNA (Fig. 2C ) and protein expression (Fig. 2D) and significantly blocked NADPH oxidase activity in response to HG (Fig. 2E) . On the other hand, treatment of cells incubated in normal glucose (NG) with the AMPK inhibitor ARA mimicked the effect of HG and reduced AMPK␣ phosphorylation ( Fig.  2A) and activity (Fig. 2B) . Also, ARA resulted in up-regulation of Nox4 mRNA (Fig. 2C) and protein (Fig. 2D ) and enhanced NADPH oxidase activity (Fig. 2E ) in cells incubated with NG.
In parallel experiments, podocytes were transfected with a plasmid overexpressing wild-type AMPK␣2 prior to exposure to HG, or cells in NG were transfected with a plasmid overexpressing dominant-negative AMPK␣2. Expression of AMPK␣2 restored AMPK␣ phosphorylation (Fig. 2F ) and AMPK activity (Fig. 2G ) and reduced HG-induced Nox4 mRNA (Fig. 2H ) and protein expression (Fig. 2I) as well as NADPH oxidase activity (Fig. 2J) , similar to the effect of AICAR. In contrast, in podocytes incubated with NG, the expression of dominant-negative AMPK␣2 inhibited phosphorylation and activation of AMPK (Fig. 2, F and G) , enhanced expression of Nox4 mRNA (Fig. 2H) and protein (Fig. 2I) , and increased NADPH oxidase activity (Fig. 2J) , similar to the effects of ARA. These data clearly implicate inactivation of AMPK by HG in the increased expression of Nox4 mRNA and protein and NADPH oxidase activation.
We next examined the role of AMPK in apoptosis of podocytes induced by HG. HG significantly augmented annexin V binding, caspase-3 activation, and DNA fragmentation (Fig. 3, A-C) . Incubation of podocytes with the AMPK activator AICAR significantly inhibited HG-induced apoptosis (Fig. 3, A-C) , whereas the pharmacologic AMPK inhibitor ARA mimicked the effect of HG and induced apoptosis of podocytes in NG (Fig. 3, A-C) . To confirm the pharmacologic effect of the AMPK activator and inhibitor, wild-type or dominant-negative AMPK␣2 was expressed in podocytes. As observed with AICAR, expression of AMPK␣2 inhibited HG-induced annexin V binding, caspase-3 activation, and DNA fragmentation (Fig. 3, D-F) . On the other hand, expression of dominant-negative AMPK␣2 in podocytes incubated in NG induced significant apoptosis compared with control cells (Fig. 3,  D-F) . These results indicate that AMPK inactivation by HG mediates podocyte apoptosis.
p53 Regulates HG-induced Podocyte Apoptosis-To determine the mechanism by which HG induces podocyte apoptosis, we considered the role of the p53 tumor suppressor protein, which influences cell survival in a cell type-and context-dependent manner (48, 49) . Treatment of podocytes with HG increased the expression of p53 mRNA (Fig. 4A) and protein (Fig.  4B ) levels and enhanced p53 phosphorylation at the activating site, Ser 46 ( Fig. 4B) . p53 induced the expression of many proapoptotic genes, including PUMA. HG increased PUMA mRNA levels in podocytes (Fig. 4C) . siRNA-mediated downregulation of p53 mRNA and protein (Fig. 4, A and B) markedly decreased PUMA mRNA levels (Fig. 4C) . Moreover, p53 siRNA prevented podocyte apoptosis as assessed by annexin V binding (Fig. 4D ), caspase-3 activity (Fig. 4E) , and cellular DNA fragmentation (Fig. 4F) . These results indicate a role for p53 in the pro-apoptotic effect of HG on podocytes.
AMPK/Nox4 Axis Regulates HG-induced p53-We have shown above that HG-induced podocyte apoptosis resulted from AMPK inactivation and Nox4-derived ROS production ( Figs. 1 and 3) . We tested the role of AMPK and Nox4 on p53 in cells stimulated with HG. Incubation of podocytes with the AMPK activator AICAR decreased the expression of p53 protein and its serine phosphorylation in cells exposed to HG (Fig. 5A) . AICAR also decreased the expression of PUMA protein and mRNA (Fig. 5, A and B) . Conversely, the AMPK inhibitor ARA augmented p53 protein levels, serine phosphorylation of p53 (Fig.  5A) , and PUMA protein and mRNA levels in cells incubated in NG (Fig. 5, A and B) , mimicking the effect of HG. The pharmacologic effects of AICAR and ARA were confirmed using wild-type AMPK␣2 and dominant-negative AMPK␣2. Expression of wildtype AMPK␣2 decreased HG-induced expression and phosphorylation of p53 (Fig. 5C ) and attenuated PUMA protein and mRNA expression (Fig. 5, C and D) . On the other hand, expression of dominant-negative AMPK␣2 in cells incubated in NG increased p53 protein levels, p53 phosphorylation, and PUMA protein and mRNA expression (Fig. 5, C and D) .
We next examined the role of Nox4 in p53 activation. Inhibition of Nox4 using AdDN-Nox4 attenuated HG-induced expression of p53 protein and its serine phosphorylation (Fig.  5E) . Furthermore, inhibition of Nox4 abolished the expression of PUMA protein and mRNA (Fig. 5, E and F) . These data indicate that AMPK and its downstream effector Nox4 regulate the expression/phosphorylation of the transcription factor p53 and its target, the pro-apoptotic protein PUMA.
AMPK Inactivation Up-regulates Nox4 and Enhances NADPH Oxidase Activity and p53 Expression in Type 1
Diabetes-To determine the in vivo relevance of the findings in cultured cells, type 1 diabetic OVE26 mice were treated with the AMPK activator AICAR for 5 weeks. Control FVB mice were treated with vehicle. OVE26 mice display elevated blood glucose levels compared with control FVB mice. OVE26 mice treated with AICAR had equivalent levels of blood glucose compared with untreated OVE26 mice (Table 1) . Body weight was significantly reduced in OVE26 mice and in OVE26 mice treated with AICAR compared with their FVB littermates. Total kidney weight and kidney/body weight ratio, indices of renal hypertrophy, increased significantly in OVE26 mice compared with FVB littermates. Renal hypertrophy in OVE26 mice treated with AICAR was significantly reduced compared with untreated OVE26 mice (Table 1) . AMPK phosphorylation (Fig. 6A ) and activity (Fig. 6B) were reduced in OVE26 compared with FVB mouse glomeruli (Fig. 6, A and B) , whereas Nox4 protein levels (Fig. 6C ) and NADPH oxidase activity (Fig. 6D) were increased. These parameters were restored to control levels when OVE26 mice were treated with AICAR (Fig. 6, A-D) .
The activation of apoptotic pathways was also examined in glomeruli of OVE26 mice. In these mice, the levels of p53 were significantly increased compared with control FVB mice (Fig. 6E) , together with increased expression of PUMA protein and mRNA (Fig. 6, E and F) . Treatment of diabetic mice with AICAR reduced p53 expression (Fig. 6E) as well as the expression of PUMA protein and mRNA (Fig. 6, E  and F ). These results demonstrate that in type 1 diabetes, inactivation of AMPK results in enhanced Nox4 expression and NADPH oxidase activity, with a subsequent increase in the expression of p53 and its proapoptotic target, PUMA.
AMPK Regulates GBM Thickening, Foot Process Effacement, Podocyte Loss, and Albuminuria in Type 1 Diabetic Mice-
Electron microscopic analysis revealed a significant increase in GBM thickening in OVE26 mice compared with control FVB littermates (Fig. 7, A, compare panel b with panel a, blue  arrows; and B). Marked effacement of foot processes was evident in diabetic mice (Fig. 7, A and C) . Also, diabetic OVE26 mice lost podocytes as judged by the number of synaptopodin- positive cells in the glomeruli (Fig. 7, D, red staining; and E) . Importantly, treatment of the diabetic mice with AICAR resulted in a significant decrease in foot process effacement (Fig. 7, A and C) and GBM thickening (Fig. 7, A and B) and prevented podocyte loss (Fig. 7, D and E) . FVB, OVE26, and AICAR-treated OVE26 mice were placed in metabolic cages for 24 h. Urine was collected, and albumin levels were measured. Treatment of diabetic mice with AICAR resulted in a significant decrease in albumin excretion compared with control untreated diabetic mice (Fig. 7F) . These data confirm the observations in the cultured podocytes and indicate that inactivation of AMPK and the increase in Nox4 expression play a critical role in podocyte injury and albuminuria in type 1 diabetes.
DISCUSSION
Podocyte apoptosis is an early glomerular phenotype that contributes to podocyte depletion, albuminuria, and progression of renal disease (2, 50) . In this study, we have provided the first evidence that podocyte apoptosis in diabetes is mediated through inactivation of AMPK, up-regulation of Nox4, and an increase in NADPH oxidase-mediated ROS production. Furthermore, we have demonstrated that AMPK and Nox4 regulate the expression/phosphorylation of p53 and the pro-apoptotic protein PUMA. We have also shown that the AMPK/Nox4-driven pro-apoptotic pathway is operative in glomeruli of diabetic mice and that activation of AMPK by the administration of AICAR attenuates Nox4 and p53 expression, reduces albuminuria, and protects mice against podocyte loss and glomerular injury (Fig. 8) .
ROS-generating NADPH oxidases play a dual role in regulating cellular apoptosis (8, (51) (52) (53) . NADPH-generated ROS play an important role in ethanol-induced apoptosis (51) . However, NADPH oxidase-derived ROS, including Nox4, inhibit apoptosis in pancreatic cancer cells (52, 53) . In this study, we have demonstrated that Nox4 induces podocyte apoptosis and identify inactivation of AMPK as a mechanism by which HG and hyperglycemia increase the expression of Nox4. AMPK activity is maintained through constitutive phosphorylation of Thr 172 in the catalytic ␣-subunit by such upstream kinases as LKB1 and calcium/calmodulin kinase kinase-␤ (20, (22) (23) (24) . The interaction between ROS and AMPK is regulated in a cell stimulus-and tissue-specific manner. During hypoxia, mitochondria-generated ROS activate AMPK (54) . Similarly, during exercise, NADPH oxidase-derived ROS induce AMPK activation (55) . However, in ␤-cells exposed to HG, AMPK activation increases ROS production and potentiates ␤-cell apoptosis (56) . AMPK plays a role in renal cell injury (10, 27) . Type 1 diabetic rats treated with AICAR, a pharmacologic activator of AMPK, show significant attenuation of renal hypertrophy (27) . Inhibition of AMPK activity in vitro alters localization of ZO-1 (zona occludens-1) in podocytes, an effect reversed by the pharmacologic activator AICAR and by the AMPK activator adiponectin (10), indicating a role for this stress-sensing kinase in podocyte biology.
AMPK exerts pro-or anti-apoptotic effects that are stimulus-or cell type-specific (30 -33) . In pancreatic ␤-cells, HG activates AMPK and enhances the production of ROS, resulting in loss of mitochondrial membrane potential (56) . On the other hand, in umbilical vein endothelial cells, activation of AMPK increases the expression of the antioxidant manganese superoxide dismutase and inhibits HG-induced intracellular and mitochondrial ROS production (57) , suggesting that activated AMPK may suppress oxidative stress. The data in our study demonstrate that HG inactivates AMPK and significantly increases the expression of Nox4 and NADPH oxidase activity. Activation of AMPK by AICAR or expression of the AMPK␣2 subunit prevents these effects of HG. Our data also suggest that inhibition of AMPK by HG is likely due to reduction in the phosphorylation and activity of LKB1. These results are consistent with recently published data showing that AMPK inactivation by HG is due to reduced LKB1 activity (58) .
In this study, we also established that inactivation of AMPK increases Nox4 and NADPH oxidase activity and mediates the pro-apoptotic effect of HG on podocytes. In fact, our results using the pharmacologic activator AICAR or the inhibitor ARA indicate that AMPK inactivation is necessary for podocyte apoptosis. This conclusion is further substantiated using exogenous AMPK␣2 and dominant-negative AMPK␣2. To our knowledge, this is the first report in which inactivation of AMPK is linked to increased expression of Nox4 and NADPH oxidase activity, resulting in cell apoptosis in the HG environment. However, the mechanism by which AMPK regulates Nox4 protein expression and whether it involves transcription or stabilization of the mRNA need to be explored.
The active tumor suppressor transcription factor p53 is induced by genotoxic stress and energy starvation, both of which promote cell death (49) . It plays a compelling role in the apoptotic intrinsic pathway by integrating the action of proapoptotic Bax (Bcl-2-associated X protein) (49) . This action of p53 is regulated mainly by enhanced transcription of Bax (48).
However, a direct transcription-independent role of p53 in the induction of apoptosis has also been reported (59, 60) . Also, p53 directly activates the pro-apoptotic protein Bax to initiate apoptosis through the mitochondrial pathway (60) . In this study, HG induced caspase-3 activation and DNA fragmentation and apoptosis of podocytes in culture. The induction of apoptosis by HG was associated with a significant increase in p53 mRNA and protein.
Furthermore, down-regulation of p53 blocked HG-induced apoptosis of podocytes. These results represent a mechanism of HG-induced podocyte apoptosis involving p53 plausibly through the intrinsic pathway.
Phosphorylation of p53 at multiple serine residues is required for its transcriptional activity (48) . Phosphorylation at Ser 46 correlates with the p53 transcriptional program that launches apoptosis (61, 62) . Kinases such as PKC␦ and p38 MAPK, which may phosphorylate this residue, are known to be activated by HG (48, (63) (64) (65) . Our results demonstrate that HG increases p53 phosphorylation at Ser 46 , suggesting enhancement of its transcriptional activity. We also observed an increase in p53 protein levels in cells exposed to HG. Therefore, it is likely that the increase in p53 phosphorylation is an indirect effect resulting from increased p53 levels.
The transcription-dependent pro-apoptotic function of p53 is mediated principally by the pro-apoptotic protein Bax and the BH3-only protein PUMA, either of which can carry out apoptosis through the mitochondrial pathway (65) . PUMA-deficient mice show a requirement of p53-dependent PUMA expression for induction of apoptosis in many tissues (65, 66) . Interestingly, this function of PUMA establishes that both transcription-dependent and transcription-independent activities of p53 are required for induction of apoptosis (48) . PUMA binds to the anti-apoptotic protein Bcl-x L , thus releasing cytosolic p53 to activate Bax (48, 60) . In this study, we have shown a HG-mediated increase in the expression of PUMA mRNA concomitant with enhanced accumulation and phosphorylation of p53. Also, we have shown that PUMA expression is dependent upon HG-induced expression of p53. Furthermore, HG significantly enhanced the expression of Bax in podocytes (data not shown). These results suggest that HG stimulates accumulation of p53, which contributes to apoptosis of podocytes likely through the intrinsic pathway.
AMPK has been shown to regulate p53 activity and phosphorylation in a stimulus-and tissue-specific manner. Nutrient-deprived thymocytes show enhanced apoptosis associated with an increase in AMPK activity. In this model, AMPK activation results in enhanced levels of p53 and its Ser 46 phosphorylation (67). In murine embryonic fibroblasts, low glucose also activates AMPK and induces the expression and phosphorylation of p53 (68) . Furthermore, glucose starvation reduces p53 stability, which correlates with AMPK inactivation, indicating that AMPK may positively regulate the function of p53 (69) . In this study, we found that podocytes cultured in NG had low levels of p53. Treatment with HG significantly increased p53 mRNA and protein levels and p53 phosphorylation. We also showed that pharmacologic and genetic activation of AMPK inhibited the accumulation of p53 and its phosphorylation in response to HG. In addition, our data demonstrate that inactivation of AMPK by ARA exerts effects similar to HG and induces the expression and phosphorylation of p53, resulting in enhanced expression of PUMA mRNA and protein. Collectively, our data indicate that in podocytes, AMPK negatively regulates p53 expression/phosphorylation and expression of the pro-apoptotic protein PUMA.
The interaction between p53 and ROS is well described (70) . p53 has been shown to regulate ROS generation, and conversely, ROS generation modulates selective transactivation of p53 target genes (70) . In our study, we have presented evidence that Nox4 regulates the expression and phosphorylation of p53 in response to HG and that Nox4 mediates HG-induced expression of PUMA. These results conclusively demonstrate a positive regulatory role of inactivated AMPK and up-regulated Nox4 in the increased expression and phosphorylation of p53, leading to apoptosis of podocytes exposed to HG.
We previously reported glomerular hypertrophy and increased matrix protein expression in type 1 diabetic rats concomitant with increased Nox4 expression; inhibition of Nox4 ameliorates glomerular hypertrophy and matrix expansion (7) . More recently, we reported increased expression of Nox4 in glomeruli of diabetic OVE26 mice (2) . In this study, we have provided evidence that increased expression of Nox4 and augmented NADPH oxidase activity in glomeruli of these diabetic mice are associated with podocyte loss and severe albuminuria. In vitro, our results show involvement of AMPK inactivation in the up-regulation of Nox4, which results in enhanced expression of p53 necessary for podocyte apoptosis in cells exposed to HG (Figs. 2-5 ). In line with these data, we found that pharmacologic activation of AMPK in diabetic OVE26 mice resulted in attenuation of Nox4 expression and a decrease in NADPH oxidase activity. AMPK inactivation in diabetic OVE26 mice also increased the expression of p53 in the glomeruli and enhanced the expression of the pro-apoptotic PUMA mRNA and protein (Fig. 6, E and F) . These results indicate that Nox4-mediated up-regulation of p53 and PUMA may contribute to the loss of podocytes in the diabetic glomeruli (Fig. 7, D and E) and that activation of AMPK by the administration of AICAR attenuates Nox4 expression and podocyte loss and ameliorates albuminuria.
Although the contribution of ROS to the complications of diabetic kidney disease is established, the administration of antioxidants has not been associated with potent protection against apoptosis in human diabetic nephropathy (71) . Our data in this study identify a previously unrecognized direct target, Nox4, for treating diabetic kidney disease. Our observations suggest that AMPK activators or Nox4 inhibitors may represent an adjunct therapy in addition to metabolic control to reduce kidney damage in type 1 diabetes.
